R388 conjugative relaxase TrwC acts as a site-specific recombinase, promoting recombination between two cognate oriTs on double-stranded DNA substrates. The relaxosome component TrwA is also required for efficient recombination. In this work we present data on the in vivo control of this reaction by host proteins that affect local DNA topology. In the absence of TrwA, binding of integration host factor (IHF) to the oriT keeps the recombination levels low, probably by keeping the relaxosome complex, formed at recombination locus 1, in a "closed" conformation. In an IHF-deficient (IHF ؊ ) background, the formation of a transcript elongation complex at this locus still hampers recombination. A mutation abating the promoter sequence at locus 1, or repression of transcription by exposure to rifampin, lifts the inhibition imposed on recombination in an IHF ؊ background. We also observe an increase in conjugation efficiency under these conditions. Relieving the inhibition imposed by these host factors allows efficient levels of recombination between short oriT loci in the absence of TrwA. The presence of TrwA counteracts these inhibitory effects. TrwA would then activate both recombination and conjugation by switching the conformation of the relaxosome to an "open" form that exposes single-stranded DNA at the nic site, promoting the initial TrwC nicking reaction.
Bacterial conjugation is a mechanism for horizontal gene transfer between bacteria. The conjugative machinery is currently comprehended as three distinct functional modules: the relaxosome, which is the nucleoprotein complex that processes DNA for transfer; a type IV secretion system, which provides the transmembrane conduit for the DNA transfer; and the coupling protein, which links the relaxosome to the secretion system (21) . Conjugative DNA processing by the relaxosome starts by a strand-specific nicking of the plasmid oriT at the nic site by the action of the relaxase protein. By a specialized DNA replication process, the plasmid DNA is subsequently transferred as a single-stranded substrate to the recipient cell, piloted by the relaxase, which presumably recircularizes the DNA (22) .
In the conjugative plasmid R388, the relaxosome is formed by the oriT plus three proteins: the accessory proteins TrwA and integration host factor (IHF) and the relaxase TrwC (27) . The conjugation accessory protein TrwA is a 53-kDa tetrameric DNA binding protein. It has been assigned to the ribbon-helix-helix family of proteins (25) , which are associated with transcriptional repression processes (1) . TrwA binds specifically to two sites at oriT, sbaA and sbaB, lying on direct repeats 1 and 2 and on inverted repeat 4 (IR 4 ), respectively (26) (Fig. 1) . TrwA binding to oriT leads to an increase in TrwC nicking activity as well as the transcriptional repression of the trwABC operon. Deletion of trwA shows a 10 5 -fold reduction in assays of mobilization of an oriT-containing plasmid (26) .
IHF is a heterodimeric protein, encoded by genes himA and hip (10, 24) . IHF bends DNA upon binding to a 30-to 35-bp region containing a 13-bp consensus sequence, 5Ј-WATCAA N 4 TTR-3Ј (13) . IHF binding to DNA participates in the formation of high-order DNA-protein complexes needed in various DNA metabolic processes. Footprinting assays revealed that there are two IHF binding sites at R388 oriT, an ihfA site (bp 203 to 215) and an ihfB site (bp 277 to 289) (27) . These sites are placed alternating with TrwA binding sites within the promoter region of the trwABC operon ( Fig. 1 ). No significant difference in the conjugation frequency of R388 in IHF-deficient (IHF Ϫ ) strains used either as donor or recipient cells is observed (19) , yet its binding to the oriT inhibits nic cleavage by TrwC (27) . It has been proposed that IHF binding to oriT induces a structural change in the DNA topology, which in turns induces rigidity around the nic site, forming a "closed" relaxosome that impedes oriT melting and nicking by TrwC.
The relaxase TrwC is a bifunctional enzyme, comprising an N-terminal relaxase domain (N293), which displays supercoiled DNA nicking, single-stranded DNA cleavage, and DNA strand-transferase abilities, and a C-terminal domain, where DNA helicase and ATPase activities are localized (23) . In addition, a third domain involving the N-terminal 600 residues has been associated with the ability of TrwC to mediate efficient oriT-oriT recombination on double-stranded DNA (dsDNA) substrates (4) . Furthermore, TrwC is the only relaxase described to promote site-specific integration of a conjugatively transferred plasmid DNA into a dsDNA oriT copy present in the recipient cell (9) .
The oriT-specific recombination activity has been previously characterized (4) . In addition to the catalytic activity of TrwC, TrwA was described to be necessary for efficient recombination. Two distinct recombination loci, i.e., minimal oriT sites needed for efficient recombination, were described, oriT1 and oriT2. The two recombination loci showed different DNA re-quirements. Intriguingly, both could be deleted of TrwA binding sites without affecting the reaction efficiency. These substrates without the sba sites behave as better substrates for TrwC-mediated recombination than full-length oriTs in the absence of TrwA. Deletion of the sba sites also removes the IHF binding sites, ihfA and ihfB. Based on the previously described inhibition of TrwC nicking activity by IHF (27) and the positive effect of deletion of the IHF binding sites on recombination, it has been proposed that IHF binding to oriT inhibits TrwC-mediated recombination (4) .
The ability to promote site-specific recombination between two cognate oriTs in the absence of conjugation is rare in relaxases, although it is not unique. As for TrwC (4, 9, 20) , a similar oriT-oriT recombination ability has been described for three additional relaxases, NikB of the IncI1 plasmid R64 (14) and the relaxases of Enterococcus faecalis plasmids pAD1 (12) and pAM␣1 (11) . In the case of the oriT recombination catalyzed by NikB, the reaction on dsDNA substrates was strictly dependent on the presence of protein NikA, which is homologous to TrwA (14) . Conversely, on single-stranded DNA (ssDNA) substrates NikB was sufficient to promote recombination, although NikA does accelerate the reaction. A hypothetical role for NikA in the generation of ssDNA for efficient recombination was proposed by those authors (14) . Similarly, in TrwC-mediated recombination, we have observed a dependence on situations such as replication or transcription that favors ssDNA exposure at recombination locus oriT1 (4) .
In this work we characterize the roles of host factors in TrwC-mediated recombination on dsDNA substrates. We describe a regulatory module, in which TrwA and IHF proteins act as enhancer and inhibitor of the reaction, respectively. Additionally, we show how the formation of an active transcription elongation complex at oriT1 is inhibitory for sitespecific recombination. We obtained elevated recombination efficiencies on substrates containing short oriT copies in the absence of TrwA in an IHF Ϫ background. The conjugation frequency was also enhanced under these conditions. Overall, the data presented suggest that TrwA counteracts the effect of host factors that maintain the relaxosome in a "closed" topological conformation for TrwC nicking at oriT, which is presumably a limiting step for the initiation of both conjugation and recombination processes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Escherichia coli strain DH5␣ (16) was used as a host for the recombination assays on a wild-type IHF (IHF ϩ ) background. For the IHF Ϫ background, we constructed strain CIG1 (see below). Bacterial plasmids used in this work are listed in Table 1 . Luria-Bertani broth was used for bacterial growth and was supplemented with agar for solid culture. Selective media included antibiotics at the following concentrations: ampicillin (Ap), 100 g/ml; chloramphenicol (Cm), 25 g/ml; kanamycin (Km), 50 g/ml; nalidixic acid (Nx), 20 g/ml; streptomycin (Sm), 300 g/ml; spectinomycin (Sp), 100 g/ml; and trimetroprim (Tp), 20 g/ml. X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) was supplied at a concentration of 60 g/ml. a Plasmids were made by insertion of a PCR-amplified fragment into the indicated plasmid. Oligonucleotides used for the PCR are indicated in parentheses and are described in Table 2 .
FIG
b For pCIG1077, a PCR-amplified fragment containing trwA under the control of its own promoter was inserted into pSU1529, and the orientation was selected so that trwA was transcribed in the same direction as the adjacent trwB and trwC genes.
Plasmids and strain constructions. E. coli strain CIG1 was constructed by chromosomal inactivation of the hip gene on a DH5␣ strain by the method of Datsenko and Wanner (5) . Oligonucleotides Sp_hip_5 and Sp_hip_3 (Table 2) were used to amplify an Sp resistance cassette from a mini-Tn5 Sm/Sp cassette DNA template (8) containing at the ends 40 bp homologous to the 5Ј and 3Ј regions of the target gene sequence. One hundred nanograms of the PCR product was transformed into arabinose-induced DH5␣ cells harboring a plasmid, pKD20, coding for an L-arabinose-inducible Red recombinase. Transformed cells were grown at 30°C and plated on LB agar plus Sp. Colonies were tested for positive inactivation of hip by PCR analysis with oligonucleotides Hip5 and Hip3 (Table 2) .
Plasmids were constructed using standard methods (29) . Their construction is outlined in Table 1 . Inserts were obtained by PCR with primers (Table 2) incorporating restriction sites adequate for ligation into the same sites of the vector. Restriction enzymes, shrimp alkaline phosphatase, and T4 DNA ligase were purchased from Fermentas. Vent polymerase was purchased from New England Biolabs. DNA sequences of all cloned PCR segments were determined.
Recombination assays. All substrate plasmids to test recombination are derivatives of plasmid pCIG1028 (4), which carries two directly repeated copies of R388 oriT separated by a Km r gene and a lacI q gene. Intramolecular recombination was tested as described previously (4) . Briefly, a lacZ⌬M15 strain harboring the substrate plasmid (pCIG1028 or its derivatives) and a helper plasmid coding for TrwC (plus TrwA when indicated) was grown as described previously (4) and plated on selective media with X-Gal. Recombination between the two oriT copies of the substrate plasmid induces expression of the downstream lacZ␣ gene. Recombination frequency is estimated by the number and aspect of blue colonies. The strict correlation between recombination and the appearance of blue color was previously confirmed by DNA restriction analysis (4).
Rif treatment. E. coli strains CIG1and DH5␣ harboring plasmid pSU1621 (coding for TrwC) and pCIG1028, a substrate plasmid with full-length oriTs, were grown at 37°C overnight to saturation on a selective LB broth containing Km and Ap. Since the Km resistance cassette is encoded within the recombination-excised DNA, selection with Km keeps the recombined plasmids below detection levels. After the overnight incubation, 100 l of a 10 Ϫ6 culture dilution was plated on LB agar plus Ap, Cm, X-Gal, and different sub-MIC levels of rifampin (Rif) (0, 0.5, 1, and 2 g/ml). Recombination frequency is measured as a simple percentage of recombinant (blue) with respect to nonrecombinant (white) colonies. All colonies showing blue sectors are counted as positive recombinants.
Conjugation assays. Standard mating assays were performed as described previously (15) . Strains DH5␣ and CIG1 (IHF ϩ and IHF Ϫ, respectively) were used as donor and/or recipient strains. Recipient cells contained plasmid pET29c in order to confer Km resistance for positive selection of transconjugants. Plasmid pSU1376, coding for a 330-bp R388 oriT, was mobilized with plasmid pCIG1077 (containing all of the transfer region of R388 except oriT) or pSU1529 (containing all of the transfer region of R388 except oriT and trwA).
RESULTS

Inhibitory role of IHF in TrwC-mediated recombination.
TrwC-mediated recombination in substrates containing only base pairs 1 through 200 of oriT was reported to be more efficient than that in substrates containing full-length oriTs in the absence of TrwA, suggesting an inhibitory effect associated with the oriT region from bp 200 to 330 (4). Deletion of bp 200 to 300 involves IHF binding sites, ihfA and ihfB (Fig. 1) . It has been suggested that in the presence of IHF, the relaxosome is in a "closed" conformation and nicking by TrwC is inhibited and that the presence of TrwA would counteract IHF relaxosome inhibition (27) . To investigate the possible role of IHF in TrwC-mediated recombination, we constructed an IHF Ϫ DH5␣ derivative by introducing a Sp resistance cassette disrupting the hip gene in a DH5␣ strain. We transformed substrates lacking sba and ihf sites [oriT ] at position oriT1 and/or oriT2 (Fig. 2a) into isogenic IHF ϩ and IHF Ϫ strains and tested them for their ability to host TrwC recombination in both the presence and absence of TrwA in the helper plasmid. In addition, we tested substrates harboring deletions involving only ihfB and sbaA [oriT ]. In the presence of TrwA, all substrates behaved very efficiently in IHF Ϫ and IHF ϩ backgrounds, giving rise to a 100% recombination frequency (data not shown) as measured by the color phenotype. However, a negative effect of IHF on recombination is evident in the absence of TrwA (Fig. 2b , compare top and bottom panels). While plasmid pCIG1028, harboring the full-length oriTs, was not affected by the IHF background (Fig. 2b, panel 1 , top and bottom), substrate plasmids with oriT1(1-270) were far better substrates for recombination in IHF Ϫ strains (panels 6 and 7). To a lesser extent, this enhanced recombination phenotype was also observed when oriT2 harbored the deletion of ihfB and sbaA [oriT2(1-270)] (panel 5). A very mild effect (if any) was observed in substrate plasmids containing oriT1(1-200) (panels 3 and 4), and virtually no effect was observed with oriT2(1-200) (panel 2). Since in substrate plasmid pCIG1028 oriT1 is 402 bp long and oriT2 is 330 long, we constructed plasmid pCIG1108, with oriT1 , and confirmed that it did not behave significantly differently from pCIG1028 (data not shown). Thus, binding of IHF to the region from bp 200 to 270 of oriT inhibits recombination.
To simplify TrwC-mediated recombination to its maximum, we assayed recombination substrates harboring most permissive oriT deletions in the presence or absence of TrwA and IHF. Previous deletion analysis (4) showed that substrates harboring bp 168 to 200 at oriT1 (i.e., containing the nic site and TrwC binding site sbcA) and bp 1 to 191 at oriT2 (containing only the proximal arm of IR 2 and the oriT region 3Ј to the nic site) were sufficient for efficient recombination in the presence of TrwA. We tested plasmid pCIG1083, containing these minimal sites, in different IHF and TrwA backgrounds. This substrate recombined efficiently in the absence of TrwA, independently of the IHF Ϫ background (Fig. 2b, panel 8 ). IHF effect in conjugation. An in vivo role of IHF in R388 conjugation was previously discarded, since no effect on conjugation frequencies was observed by using IHF Ϫ strains as either donors or recipients (19) . These experiments were performed in all cases in the presence of TrwA. We have suggested a role of IHF as a repressor of TrwC nicking activity in recombination, while TrwA lifts IHF inhibition. This would imply that if a similar regulatory mechanism was imposed on relaxosome processing during R388 conjugative transfer, it would not be detected in the presence of TrwA. We set up mating assays in the presence or absence of TrwA in different IHF backgrounds in donor and/or recipient cells. Transfer frequencies in the absence of TrwA were about 10 4 -fold lower than those obtained in the presence of TrwA, regardless of the IHF background, as previously reported. Interestingly, in the absence of TrwA, transfer frequencies from IHF Ϫ donors were higher. In spite of the variability between different experiments, this increase was observed in every experiment. Table 3 shows the ratio of frequencies obtained between IHF Ϫ and IHF ϩ donor strains: in the absence of TrwA, the ratios indicate an average increase of 5-to 10-fold with IHF Ϫ cells as donors. In the presence of TrwA, there was no significant difference when donor cells were either IHF ϩ or IHF Ϫ . Effect of transcription on recombination. Substrates with deletions involving bp 270 to 330, particularly when present in oriT1, showed positive recombination in the absence of IHF (Fig. 2b, panels 6 and 7) . Surprisingly, no recombination was observed under these conditions in the wild-type substrate (Fig. 2b, panel 1) . Hence, we can assume that the region from bp 270 to 330 in oriT1 exerts an inhibitory effect on the reaction which is relieved only when TrwA is present, independently of the presence of IHF. Interestingly, this oriT region also contains the putative promoter region for the trwABC operon ( Fig.   FIG. 2. (a) Schematic view of a substrate construction. oriT1 is the first oriT encountered by the replication fork, represented by a gray triangle. nic sites are pictured as black triangles, lying on the DNA strand to be nicked by the relaxase. sba and ihf sites are indicated with black and gray rectangles, respectively. Numbers represent oriT coordinates. The expected product of recombination is depicted to the right. Deletion of the intervening DNA segment between the two nic sites eliminates a lacI q repressor gene and places the lacZ␣ gene close to the lactose promoter. As a result, the lacZ␣ gene is expressed from the recombined substrates. 1) (18, 19, 26) . It is known that TrwA binding to the oriT results in transcriptional repression of the trwABC operon (26) . TrwA would likely alter the normal binding of the RNA polymerase to the promoter region and hence repress transcription. We hypothesized that binding of RNA polymerase or the formation of an active transcription complex and subsequent elongation could be affecting the DNA topology at oriT1 and therefore impeding TrwC-mediated recombination. This effect would be eliminated in the presence of TrwA.
The proposed promoter for the trwABC operon is situated at bp 273 and 296 of oriT (Ϫ35 and Ϫ10 boxes, respectively). To test a possible effect of transcription from this promoter on the recombination reaction, we introduced a mutation converting this putative Ϫ10 box (TAGGAT) to an XhoI restriction site (CTCGAG) in oriT1, which would impede RNA polymerase binding. We tested this plasmid (pCIG1106) as a substrate for recombination. Figure 2c shows how recombination is strongly enhanced in IHF Ϫ backgrounds in the absence of TrwA. No enhancing effect was obtained by mutating the promoter in the presence of IHF.
The observed inhibitory effect of the mutation in the Ϫ10 box sequence could be caused by RNA polymerase binding to oriT or by the formation of an active RNA elongation complex. The antibiotic Rif blocks the elongation of the RNA transcript at the 5Ј end without affecting its binding to the promoter (2). Thus, the effect of Rif could allow us to distinguish between the two possibilities. We tested the effect on recombination of subinhibitory concentrations of Rif on substrates containing full-length oriTs in the absence of TrwA. Cultures were grown to saturation in liquid media selective for the substrate (Km) and the helper plasmid (Ap). Selecting the substrate plasmid with Km rather than with Cm would force the selection of cells harboring unrecombined substrates. After the overnight incubation, the cells were plated on increasing subinhibitory concentrations of Rif plus X-Gal, and blue colonies were counted. While no fully blue colonies were obtained, very significantly, cell cultures plated on Rif-containing media started to show incipient blue colonies, characterized by the presence of blue sectors and dots. These were counted as recombinants, to give us a measure of the frequency of recombination. Figure 3 shows the effect of increasing levels of Rif (0, 0.5, 1, and 2 g/ml) on TrwC-mediated recombination in both IHF ϩ and IHF Ϫ backgrounds. In the absence of IHF, increasing concentrations of Rif lead to an increasing number of these partially blue colonies. A Rif concentration of 0.5 g/ml was sufficient to increase the frequency of recombinants from 3 to 22%. When 1 g/ml of Rif was supplied to the medium, 45% of colonies were monitored as recombinants, and when the concentration reached 2 g/ml, 97% recombination was obtained. No significant difference was observed when Rif was added in the absence of TrwC or with an IHF ϩ strain (Fig. 3) .
DISCUSSION
The site-specific recombination reaction mediated by the R388 relaxase TrwC has been previously characterized (4), in terms of both the catalytic activity and the DNA sequence requirements. In this work, we provide evidence that this reaction is positively regulated by TrwA and negatively regulated by IHF and RNA polymerase. We propose that binding of these factors to oriT1 produces IHF-mediated DNA bending and active transcription, which exert topological constraints that inhibit TrwC nicking at oriT1, while TrwA binding would counteract these effects, favoring the initiation of the reaction at oriT1.
In the absence of TrwA, the enhanced recombination of substrates lacking the region from bp 200 to 330 of oriT suggested the presence of some inhibitory factor within this oriT region (4). The region comprises TrwA and IHF binding sites (Fig. 1) , and IHF is known to inhibit TrwC cleavage in the relaxosome (27) . In fact, in the absence of TrwA, we observe an inhibitory role of IHF in recombination. When recombination is tested in an IHF Ϫ background, recombination is strongly enhanced in substrates harboring oriT1 (Fig.  2b , panels 6 and 7), which still conserves an IHF binding site. This suggests that the inhibitory role of IHF is exerted prominently by binding to this recombination locus and thus probably acting in the initiation of the reaction. Substrates lacking both ihfA and ihfB sites [oriT show little difference according to the IHF background, which would support the idea that the inhibitory effect exerted by IHF occurs mainly through binding to its putative binding sites within the oriT. The fact that the role of IHF is not observed in the presence of TrwA suggests a role of TrwA opposed to that of IHF, in a way similar to that by which nic cleavage of supercoiled DNA by TrwC is enhanced by TrwA and inhibited by IHF (27) . However, the model based on opposite effects of TrwA and IHF to control initiation of recombination did not explain all the results obtained. Remarkably, we observed no increase in the recombination proficiency of substrates containing fulllength oriTs in IHF Ϫ backgrounds in the absence of TrwA (Fig.  2b, panel 1) , while a release of IHF inhibition was observed on oriT . The oriT region from bp 300 to 330 contains the putative promoter sequence for the trwABC operon, for which TrwA is a transcriptional repressor (26) . Hence, we tested whether RNA polymerase binding and the formation of an active transcription complex could affect the efficiency of recombination. For this purpose, we replaced the Ϫ10 box at oriT1, so that the RNA polymerase would not recognize and bind the promoter. This substrate behaves similarly to the substrate containing an oriT1(1-270) in IHF Ϫ strains; i.e., the (Fig. 2c) . We also treated the cells with sub-MIC levels of Rif, which is known to alter transcription elongation but not RNA polymerase binding (2), and we observed a marked increase in recombination on substrates containing the full-length oriTs in the absence of TrwA and IHF (Fig. 3) . Thus, it is the presence of an active transcription elongation complex that inhibits recombination, which could be explained by the effect on local supercoiling, since DNA superhelicity generated by transcription diffuses from its site of origin (32) . It is well known that the level of supercoiling and DNA topology are involved in the assembly of nucleoprotein complexes engaged in DNA-processing reactions, in particular those implicated in site-specific recombination (28, 30) . DNA transposition has also been reported to be repressed by transcription across its target sites (3, 7) . Figure 4 outlines a model by which site-specific recombination is tightly modulated by the concerted action of at least three different factors. Binding of host proteins IHF and RNA polymerase at oriT1 would impose a topological constraint, by IHF-mediated DNA bending and transcription-coupled DNA supercoiling. This constraint would maintain the relaxosome in a "closed" conformation, preventing ssDNA exposure and hence nicking by TrwC. In turn, TrwA would act as a positive regulator. Binding to the sba sites would lead to the ejection of RNA polymerase from oriT and to a switch from a "closed" to an "open" relaxosome formation, facilitating the stabilization of the cruciform at IR 2 so that TrwC can firmly bind to catalyze cleavage at the nic site. This model would also be consistent with the apparent need of the complete IR 2 at oriT1 but not at oriT2 (4) .
Tight modulation of TrwC nicking at oriT (and hence of the recombination process) by these host factors could be extrapolated to the control of bacterial conjugation, since TrwC nicking at oriT is probably a key step for its initiation. This view is supported by the observation that the effects of TrwA and IHF on conjugation frequencies parallel those observed in recombination (Table 3) . If this view is correct, both processes (TrwC-mediated recombination and plasmid conjugation) could be dependent on a particularly favorable host physiological condition, perhaps adjusted to the growth cycle (for instance, IHF levels are increased at stationary phase [31] ) or to some environmental signal. A TrwA-free environment would be expected upon early establishment in the recipient cell. In such a situation, inhibition of further initiation of the conjugative process would make full biological sense.
Deletion of the DNA sequences involved in the control of TrwC-mediated recombination permits the attainment of elevated recombination levels in the absence of TrwA between the minimal oriT loci previously described (4). It therefore seems plausible to attain good recombination/integration levels on very simple substrates and mediated solely by TrwC in the absence of any accessory proteins, which gives TrwC the ability to be used as a biotechnological tool for targeted integration of foreign DNA introduced by conjugation into any type of susceptible recipient cell. 
